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Abstract
Winyah Bay, located on the coast of South Carolina, is the fourth largest U.S.
estuary by discharge rate (Voulgaris et al. 2002), and provides an annually used habitat
for juvenile C. plumbeus (Abel et al. 2006, Gary 2009). From May to September 2016
and 2017, we set a total of 303 bottom longlines in middle and lower Winyah Bay to
assess sex ratios, size distributions, and catch per unit effort (CPUE), as well as the
potential influence of abiotic parameters on CPUE. A subset of eleven juvenile C.
plumbeus was tagged with VEMCO (V16-4H) acoustic transmitters to analyze seasonal
occurrence, residency and detection distribution in Winyah Bay as well as to
opportunistically document their migratory movements.
Catches in the Bay were dominated by larger juvenile C. plumbeus measuring 81
– 95 cm PCL (n = 71) and approximately 4 – 6 yrs old (Sminkey & Musick 1995). Mean
size did not vary by month or year (p > 0.05), indicating no ontogenetic shift of C.
plumbeus utilizing the Bay. Juveniles were caught every month surveyed and CPUE did
not significantly differ by month or year (p > 0.05). Tidal stage (p < 0.05) represented the
only abiotic factor which significantly influenced CPUE. Juveniles were detected in
Winyah Bay from April to November for up to 186 days (72.0 ± 19.7 days; mean ± SE).
Detection frequency significantly differed by area, with the majority of detections in
lower Winyah Bay and adjacent nearshore waters, less than 2% in middle bay, and none
in upper bay (p < 0.001). Additionally, significantly more detections (57%) were
recorded during the day compared to night (p < 0.001), and during low tide (62%) than
high (p < 0.001). After emigrating from Winyah Bay from September to November, six
juveniles were tracked moving southward as far as Cape Canaveral, FL. Three of these
returned to Winyah Bay in April 2017. Consistency in southerly emigration routes in both
years differed from overwintering data collected for juvenile C. plumbeus captured in the
Chesapeake and Delaware Bays (Grubbs et al. 2007, McCandless et al. 2007, Conrath &
Musick 2008, Bangley 2016).
This research supports prior suggestions that Winyah Bay is an important
secondary nursery area annually used by juvenile C. plumbeus from spring to early fall.
Additionally, this research re-affirms that larger juvenile C. plumbeus are the dominant
size class in Winyah Bay throughout May to September and that they utilize a wide range
of abiotic parameters, with tidal stage the only parameter significantly influencing their
presence. Lastly, novel telemetry data document that juvenile C. plumbeus inhabiting
Winyah Bay exhibited different migration routes and utilized different overwintering
areas than juveniles inhabiting estuaries north of South Carolina.
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Introduction
Carcharhinus plumbeus, the sandbar shark, is a large, migratory, primarily coastal
species that occur in most temperate and subtropical oceans (Bigelow & Schroeder 1953,
Springer 1960). In the western North Atlantic Ocean, C. plumbeus range from
Massachusetts to Florida, and throughout the Gulf of Mexico (Bigelow & Schroeder
1953, Springer 1960). In U.S. waters, C. plumbeus are considered a single stock (SEDAR
2011) that has been overfished (Bigelow & Schroeder 1953, Sminkey & Musick 1995,
McCandless et al. 2007, SEDAR 2011). Active overfishing has been reduced by strict
management regulations initiated in 1993 (SEDAR 2011), but due to this species’ low
reproductive potential and slow growth (Sminkey & Musick 1995), stock rebuilding is
not expected prior to 2047 and potentially as late as 2083 (SEDAR 2011). Within this
stock, C. plumbeus follow different migration routes and utilize different habitats
depending on life stage, sex, and capture location (Springer 1960, Castro 1993, SEDAR
2011). These differences in migration movements and habitat use can have profound
implications for the continued minimization of overfishing, as well as for monitoring
population trends.
Along the U.S. East coast, seasonal movements and habitat choice of adult C.
plumbeus are well defined (Springer 1960, Castro 1993). Adult C. plumbeus
predominantly reside on the continental shelf in waters 20 to 40 m deep but move into
shallower coastal and estuarine waters seasonally to forage, mate, and pup (Springer
1960, Castro 1993). This life history pattern is reported for this species from New York
to Florida, with the onset of mating reflecting location and water temperature (Springer
1960, Castro 1993). Mating usually occurs in spring or early summer, and adults are
believed to spend less than three months in shallower waters before returning to deeper
waters (Springer 1960, Castro 1993). Once mature, individual adult C. plumbeus are
thought to exhibit these seasonal reproductive migrations annually.
While adult C. plumbeus do not frequently inhabit estuarine waters, estuaries are
important for growth and development of juvenile C. plumbeus (Springer 1960, Castro
1993, Castro 2010). Shallow estuarine waters provide refuge for juveniles from predators,
as well as an area to feed and grow, helping juveniles survive to maturity. Juvenile C.
plumbeus have a broader diet than adults, ranging from crustaceans to teleosts (Conrath
& Musick 2007), and are known to inhabit low salinity ranges (Abel et al. 2007, Merson
& Pratt 2001, Grubbs et al. 2007, McCandless et al. 2007). Therefore, it can be
advantageous for juveniles to live in shallow, productive, and protective estuarine
environments where certain prey types are available present and where salinity may
fluctuate. Due to these advantages, juvenile C. plumbeus inhabit estuaries, which act as
primary and/or secondary nurseries (Bigelow & Schroeder 1953, Springer 1960, Castro
1993).
Along the U.S. East Coast, primary and secondary nursery grounds for juvenile C.
plumbeus are documented from New Jersey to South Carolina (Bigelow & Schroeder
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1953, Springer 1960, Castro 1993, Merson & Pratt, 2001, Abel et al. 2007, Grubbs &
Musick 2007, Grubbs et al. 2007, McCandless et al. 2007, Ulrich et al. 2007, Gary 2009,
Bangley 2016). Furthermore, neonate and juvenile C. plumbeus remain in or near
estuaries in which they were born until water temperatures of 15°C drive seasonal
emigration to overwintering areas, typically in warmer waters (Grubbs & Musick 2007,
Grubbs et al. 2007, Ulrich et al. 2007, Conrath & Musick 2008, Bangley 2016).
Overwintering migration patterns of juvenile C. plumbeus inhabiting estuaries
north of North Carolina are well documented compared to those of juvenile C. plumbeus
inhabiting estuaries south of North Carolina (Merson & Pratt 2001, Grubbs & Musick
2007, Grubbs et al. 2007, McCandless et al. 2007, Conrath & Musick 2008, Bangley
2016). Specifically, the inner to middle continental shelf waters off southern and central
North Carolina are the only documented location consistently reported as overwintering
locations for juvenile C. plumbeus captured and tagged between Chesapeake Bay and
New York (Springer 1960, Jensen & Hopkins 2001, Merson & Pratt 2001, Grubbs &
Musick 2007, Grubbs et al. 2007, McCandless et al. 2007, Conrath & Musick 2008,
Bangley 2016). Most recaptured juvenile C. plumbeus tagged in Delaware Bay were
recaptured overwintering in North Carolina waters, with only a few individuals
recaptured south of North Carolina during winter months (McCandless et al. 2007).
Conversely, no winter recaptures of juvenile C. plumbeus following original capture in
South Carolina waters have been reported off North Carolina (Bangley 2016, Bryan
Frazier pers. comm1.). Juvenile C. plumbeus captured in South Carolina waters during
summer may overwinter in deeper continental shelf waters off South Carolina (Springer
1960), or nearby, but limited data exist to verify this hypothesis.
Multiple data collection techniques have been used to characterize the seasonal
distribution patterns of juvenile C. plumbeus. Conventional tagging has been conducted
in several estuarine habitats for C. plumbeus (Merson & Pratt 2001, Abel et al. 2007,
Grubbs et al. 2007, Ulrich et al. 2007); however, low recapture rates of 3.2 - 6.5%,
Merson & Pratt 2001, Grubbs et al. 2007) and lack of observations between release and
recapture render this technique appropriate for broad-scale inferences only. In contrast,
telemetry techniques enable the collection of detailed temporal-spatial distribution data
for individual animals after capture and tagging. For example, using satellite telemetry,
Conrath and Musick (2008) tracked nine large juvenile C. plumbeus (approximate ages 57 years) from summer foraging areas in the Chesapeake Bay to overwintering locations
off the southern half of the North Carolina coast. Although lacking the coverage
intensity of satellites, acoustic telemetry receiver arrays maintained by a network of
research groups along the coastline have enabled episodic data collection of telemetered
animals during transits away from primary study areas. With this approach, 15 small
juvenile sharks captured and tagged in Raleigh Bay, NC were subsequently detected by
1
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acoustic receivers in Chesapeake Bay, VA (Bangley 2016). Given these observations,
expanded use of telemetry throughout the foraging range of juvenile C. plumbeus would
improve understanding of seasonal distribution patterns, which in turn would enhance the
utility of research surveys and fishery-dependent data sets used to monitor stock
rebuilding.
Longline surveys are widely used to assess elasmobranch populations and
distributions (Simpfendorfer et al. 2002, Simpfendorfer et al. 2005, Abel et al. 2007,
Conrath & Musick 2007, Grubbs & Musick 2007, Grubbs et al. 2007, Gary unpublished
data, Brooks et al. 2011, White et al. 2013, Espinoza et al. 2014, Garcon et al. 2014,
Matich & Heithaus 2014). Although the Virginia Institute of Marine Science, Georgia
Red Drum, and Southeast Fishery Science Centre longline surveys corroborate recovery
of western North Atlantic C. plumbeus, data collected by the South Carolina Department
of Natural Resources (SCDNR) in four estuaries (Port Royal Sound, Charleston Harbor,
St Helena Sound, and Winyah Bay) since 1975 continue to suggest declines (Peterson et
al. 2017). One of these estuaries surveyed, Winyah Bay, is the fourth largest estuary in
the U.S. with respect to flow discharge rate (Voulgaris et al. 2002), and the only major
estuary sampled by the SCDNR longline survey in which juvenile C. plumbeus catches
outnumber those of Rhizoprionodon terraenovae (Atlantic sharpnose shark) (Bryan
Frazier, pers. comm.2, Gary 2009).
Given the potential important habitat Winyah Bay provides to juvenile C.
plumbeus, combined with annual fidelity of juvenile C. plumbeus to estuarine systems
(Grubbs et al. 2007, McCandless et al. 2007), this thesis research was initiated to
elucidate influences on juvenile C. plumbeus presence and distribution in Winyah Bay.
While previous research shows juvenile C. plumbeus have been caught in the Bay from
April to November and in a wide range of abiotic parameters (Gary unpublished data),
these data were irregularly collected and do not provide sufficient evidence to discern C.
plumbeus presence, habitat use, residency, and potential annual fidelity in Winyah Bay.
The objectives of this study were to use longline surveys and acoustic telemetry to
(1) determine the size distributions and sex ratio of juvenile C. plumbeus within Winyah
Bay; (2) assess the influence of abiotic parameters on the presence and catch rates of
juveniles; (3) determine if juvenile C. plumbeus size distributions and catch rates changed
from the previous data collected from 2002 to 2006; (4) determine the residency and
distribution of acoustically-tagged juveniles with respect to diel stage, tidal stage, and
spatial area within Winyah Bay, and (5) broadly characterize overwintering distributions
using opportunistically collected detection data for juvenile C. plumbeus during transit to
and from Winyah Bay between fall 2016 and spring 2018.

2
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Materials and Methods
Survey Site Description
Winyah Bay, South Carolina is a 65 km2 partially mixed/salt wedge estuary
(Patchineelam et al. 1999, Abel et al. 2007) located adjacent to the city of Georgetown
and near the south terminus of the Grand Strand region of the South Carolina coastal
plain. Six rivers drain into Winyah Bay, including the Black, Little Pee Dee, Pee Dee,
Waccamaw, Lynches, and Sampit Rivers (Patchineelam et al. 1999, Goni et al. 2003). At
low tide, some drainage from the North Santee River also occurs via the intra-coastal
waterway (Dan Abel, pers. comm3.).
Upper, middle, and lower bay regions (Fig. 1) were arbitrarily recognized to
correspond generally to broad salinity regimes (Abel et al. 2007, Gary 2009). Despite a
mean depth of only 4 m (Abel et al. 2007, Gary 2009), Winyah Bay was home to the
second largest port in South Carolina, until routine dredging to maintain an 8.2 m deep
shipping channel from the mouth of the Bay to Georgetown Harbor (Fig. 1) ceased in
2008 (Patchineelam & Kjerfve 2004, Edwin Jayroe, pers. comm4.).
Longline Surveys
Bottom longline surveys were conducted from May to September in 2016 and 2017
in accordance with SCDNR permits SCI17-0137 #4295, and SCI18-0001 #4908.
Longline gear measured 150 m in length, with 25 x 1-m long gangions terminating
in either 16/0 steel Mustad circle hooks, termed “adult” hooks, or 12/0 steel Mustad circle
hooks, termed “pup” hooks. Each hook was baited with pieces of Scomber scombrus,
Boston Mackerel, measuring 2.5-inches for adult hooks and a 1.75-inches for pup hooks.
Due to historically limited catches of sharks in upper bay (Abel et al. 2007, Gary
2009), all survey longlines were set in the middle and lower portions of the Bay (Fig. 1).
Lines were set in daylight and soaked for an average of 50 minutes during slack current.
Soak times occasionally exceeded 50 minutes when catches were high; however, lines
soaked for over 80 minutes were excluded from all analyses. Tide predictions were based
on National Oceanographic Atmospheric Association (NOAA) tide charts for the
Georgetown Lighthouse.
Longline gear was deployed at high and low slack tides in middle and lower bay
during 2016. Given the higher catch rates at high tide in 2016, only high tides were
sampled in 2017 to maximize sample size for demographic studies.
For each longline station, latitude/longitude and water depth were noted at the start
of deployment, along with date and time of gear deployment and retrieval. Air
temperature (°C) and Secchi depth (cm) were recorded at the start of deployment.
Immediately after deployment, surface water and bottom water (collected using a Niskin
3
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bottle) water temperature (°C), salinity, and dissolved oxygen (DO; mg/ml) were
measured using either a full-feature YSI meter (Model Pro2030) or a refractometer and a
YSI D.O. & Temperature meter (Model ProODO).
Sharks smaller than 1.5 m total length (TL) were brought onboard to be identified,
measured, and tagged. Precaudal length (PCL), fork length (FL), and stretched tail length
(TL) were recorded. All captured sharks were processed and conventionally tagged
unless nictitating membrane reflexes were not observed (and/or blotchy coloration was
observed). To minimize stress during tagging, sharks were placed in a tub with ambient
bay water; however, sharks > 1.5 m were secured alongside the boat for data collection
and tagging. Sharks smaller than 1 m TL were tagged with a roto tag through the dorsal
fin, and sharks over 1 m TL received a dart tag below the dorsal fin. All shark tags were
provided by the NOAA and National Marine Fisheries Service (NMFS) Cooperative
Shark Tagging Program. Sharks that did not attempt to swim away upon release were
also revived beside the boat to aid in their survival upon release.
Relevant information on maturity and life stage was recorded for each shark. Life
stages were recorded as young-of-year (YOY), juvenile, and mature. YOY were
identified by umbilical scar presence, as well as published YOY size ranges and growth
rates (Bigelow & Schroeder 1953, Sminkey & Musick 2007). Male shark maturity was
categorized based on degree of clasper calcification and published maturity sizes. Female
shark maturity was determined based on PCL measurements and published maturity sizes
(Bigelow & Schroeder 1953, Sminkey & Musick 2007).
Acoustic Telemetry
Nine acoustic Vemco/Amirix V16-4H transmitters and two acoustic Vemco/Amirix
V16T-4H temperature sensor transmitters were surgically implanted in 11 juvenile C.
plumbeus capture by longline surveys. Candidates for transmitters were selected based on
sex, size, and perceived stress level and overall health. While the shark was in tonic
immobility, a 3-5 cm incision was made into the abdominal cavity between the pectoral
and pelvic fins 2 cm off-center, and the transmitter was inserted. The incision was closed
with two non-absorbable polyester surgical sutures inserted through the muscle and skin
layers (Holland et al. 1999, Chapman et al. 2005, Papastamatiou et al. 2010, Knip et al.
2011, Bond et al. 2012). The gills of sharks with weak or absent buccal pumping were
flushed with seawater. Surgical procedures lasted approximately 5 minutes, after which
standard revival procedures were used prior to releasing the tagged sharks in the vicinity
of the original capture.
To limit the immune response of sharks (Holland et al. 1999, Lowe et al. 2006,
Bond et al. 2012), nine transmitters were coated in 70 % paraffin wax and 30 % beeswax;
however, the two temperature transmitters were not coated because the heated wax could
have compromised the sensor.
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All proposed animal procedures were conducted under the Institutional Animal
Care and Use Committee (IACUC) research permit #2015.05.
Acoustic transmitters randomly transmitted unique coded signals every 40-80
seconds. Standard transmitter battery life was 1,350 days, with sensor capabilities only
reducing projected battery life by 5% (73 days). For this study, a detection range of 400
m was presumed under most conditions; however, limited range testing (Appendix A)
indicated a high degree of variability as a function of tidal stage and other ambient
conditions (Pincock et al. 2010, Kessel et al. 2013). Although these transmitters can be
detected up to 800 m away from the receiver in open ocean environments, in turbid
estuarine environments, tags perform less efficiently at the same or closer ranges
(Mathies et al. 2014).
All acoustic receivers used in this study were VR2W Vemco receivers already
stationed in or adjacent to the entrance to Winyah Bay for SCDNR’s ongoing diadromous
fish research (Fig. 1). Receivers in upper, middle, and lower bay were deployed on dock
structures or U.S. Coast Guard Aids to Navigation buoys (ATON), secured to either rope
or 1/8’ stainless steel cable, and placed 0 - 5 ft from the bottom. Ropes and steel cable
were weighted with anchors or other devices at the bottom (Mark D’Ecrole pers.
comm.5). The rope or cable to which receivers were secured likely moved with water
currents. In the nearshore area, stainless steel chain secured to U.S. Coast Guard ATONs
was used to position receivers approximately 10 ft below the water surface
(http://dnr.sc.gov/marine/receiverstudy/methods.html).
In addition to the Winyah Bay coverage, the SCDNR also maintains numerous
acoustic receiver arrays at select locations in coastal and estuarine waters throughout
South Carolina (SCDNR). Similarly, three regional researcher networks exist throughout
the potential coastal distribution range of acoustically-tagged C. plumbeus, increasing the
probability of collecting opportunistic data on overwintering distributions after juveniles
emigrate from Winyah Bay. North to south/west, these networks are the Atlantic
Cooperative Telemetry (ACT) Network, the Florida Atlantic Coast Telemetry Network
(FACT), and the Integrated Tracking of Aquatic Animals in the Gulf of Mexico (iTag)
network. Data downloads of these receivers occur seasonally, and data were provided
electronically.
Given the lack of complete coverage even with full range capabilities, as well as
minimum bay width of over 1.5 km between the closest receivers in Winyah Bay (Fig. 1),
data collected by these receivers must be considered conservative estimates of occurrence
at monitored areas as opposed to representing comprehensive bay-wide detection
coverage.

5
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Longline Data Analysis
Juveniles were caught on hooks of both sizes and thus hook size was excluded as a
factor considered in analysis. A two-factor analysis of variance (ANOVA) was used to
determine if juvenile sizes significantly differed by month, and/or year. A chi-squared
goodness of fit test was used to determine if the sex ratio significantly differed from the
expected 1:1 sex ratio.
CPUE was used to quantify relative catch rates within the Bay. CPUE was
calculated as the number of juvenile C. plumbeus per 50-minute longline set, as described
above. Mean monthly CPUEs were calculated to assess temporal catch rate patterns.
Skewed CPUE data were log-transformed to achieve normality before statistical
analysis. An ANOVA was used to determine if monthly CPUEs differed significantly.
The influence of tide and area on CPUE for 2016 data was analyzed using a two factor
ANOVA.
A multiple linear regression model was used to determine if bottom water salinity,
temperature, D.O., secchi depth, and water depth influenced CPUE of juvenile C.
plumbeus.
CPUE and size distribution for juvenile C. plumbeus captured from 2002 to 2006
(Gary unpublished data) and 2016 to 2017 were converted to percentile distributions. A
Pearson correlation was then used to determine these percentile distributions significantly
differed from one another to assess potential change between these two data sets.
Juvenile C. plumbeus catch rates (CPUEs) from May to September 2002 to 2006
(Gary unpublished data) and from May to September 2016 to 2017 were converted to
percentile distributions. A Pearson correlation was used to determine these percentile
distributions significantly differed from one another to determine if catch rates differed
between data sets.
Tag and recapture data were included from 2002 to present; however, recapture
rates were based only on recaptures of juvenile C. plumbeus tagged in this study.
Acoustic Telemetry Analysis
All acoustic telemetry data were managed in Microsoft Access (version 14) to
enable efficient data proofing and querying of data for statistical analyses.
Detections for each transmitter obtained within the Winyah Bay system were
categorized as (a) upper bay, (b) middle bay, (c) lower bay, or (d) nearshore waters.
Because detection range may vary among these areas, detection data were compressed
and standardized to presence on a given day. Accordingly, the first and last detection
dates within the Winyah Bay system were used to determine a minimum seasonal portion
of time juvenile C. plumbeus occur within Winyah Bay. Total number of days and
consecutive days for each individual were calculated and used to assess overall daily
presence within the Bay.
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Raw detections were used to calculate the duration of unique visits to receivers,
where duration was defined as the amount of time elapsed between a string of detections
(or a single detection) followed by at least a 20-minute absence in detections. Visit
coding of data was performed in an automated manner using a template provided by Dr.
Michael Arendt (SCDNR) to telemetry researchers at a data workshop held in
conjunction with the December 2016 Florida Atlantic Coast Telemetry (FACT) Network
bi-annual meeting in Tequesta, Florida.
Within Winyah Bay, visit frequency and duration were analyzed in relation to area.
A general linear mixed model with individual transmitter incorporated as the random
variable was run to analyze if diel cycle, tidal stage, and area within the Bay had a
significant influence on visit duration. Skewed visit duration data required logtransformation to achieve normality before conducting statistical analysis.
Chi-squared goodness of fit tests were used to determine if the number of raw
detections differed between diel cycle (daylight, night), tidal stage (high, low), and area
(middle, lower, nearshore). Changes in sunrise and sunset throughout the acoustic data
collection time period were incorporated into diel cycle groupings. A second chi-squared
goodness of fit was also performed to determine if the number of visits differed between
the two receivers in lower bay, where total detections were sufficient to test for fine-scale
spatial differences in detection frequency.
Detections outside of the Winyah Bay system from the start of the emigration
period to the start of the immigration period, September to April, were collected from the
Atlantic Cooperative Telemetry Network (ACT) and FACT Network. Detections were
analyzed in order to characterize fall to early spring migration behaviors. Visit durations
were converted to percentile distributions to convey overall trends per habitat type (i.e.
coastal vs estuarine), and a Pearson correlation analysis was used to determine if visit
durations differed by habitat (i.e. coastal vs estuarine).
ArcGIS software (Esri) was used to visualize detection locations of juveniles
opportunistically collected outside of Winyah Bay. Scatter plots were used to reveal
potential relationships between mean weekly latitude distributions and time of year.
Approximate, minimum, and cumulative total distances traveled for C. plumbeus
were calculated from distances between receiver arrays using the measuring tool on
ArcGIS. Distances were measured as the shortest straight-line distance between receivers
that did not cover land. All distances between furthest detections for each individual
were calculated. Distance to return to Winyah Bay for juveniles who migrated back to
the area was incorporated into total distances traveled for each individual.
Water temperature sensor data from transmitters were descriptively analyzed (mean
and range by month) to assess temperature ranges utilized while in Winyah Bay. Ranges
of temperatures used by juveniles outfitted with transmitter sensors during their
overwintering migrations were compared to published temperature data on juvenile C.
plumbeus overwintering in the Cape Hatteras area. Bottom water temperature readings
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from NOAA National Estuarine Research Reserve System (NERRS) stations recorded
from stations near receiver arrays where juveniles were detected were used to determine
lowest temperatures juveniles could have utilized in detected areas.
All statistical tests were run using IBM SPSS Statistics (version 24), and all maps
were created using ArcGIS and ArcMap software by Esri.

Results
Longline surveys
A total of 303 longlines were set over 53 nonconsecutive days, yielding 254 sharks,
comprising seven species. C. plumbeus was the most commonly caught species
comprising 68% (n = 173), followed by R. terraenovae, Atlantic sharpnose shark (n =
47), Carcharhinus isodon, finetooth shark (n = 13), Carcharhinus limbatus, blacktip
shark (n = 10), Negaprion brevirostris, lemon shark (n = 6), Carcharhinus brevipinna,
spinner shark (n = 4), and Carcharhinus leucas, bull shark (n = 1). Of the 173 C.
plumbeus, 164 (163 YOY & juveniles, 1 adult) were measured and tagged. Two of these
(1.2 %) were recaptured within 8 km of their capture locations after durations of 2 and 19
days at large, bringing the total number of C. plumbeus tagged and subsequently
recaptured in this program to 11 since 2002 (Table 1).
C. plumbeus ranged from 40 - 120 cm PCL (mean ± SE = 83.6 ± 1.2 cm; n =
163) with 44 % (n = 71) measuring 81 - 95 cm PCL (Fig. 2). Neonates and YOY
represented 10 % (n = 16) of the C. plumbeus catch. Mean PCL did not significantly
differ by year (F = 2.9, df = 1, p = 0.09), month (F = 2.218, df = 4, p = 0.07), or the
interaction between year and month (F = 1.4, df = 4, p = 0.233). Significantly more
females were caught than males (1.5:1 F:M, X2 = 5.986, df = 1, p = 0.015).
Juvenile C. plumbeus were caught throughout the entire sampling period, with
longline catches ranging from 0 to 5 juveniles per set (median = 0). CPUE did not differ
significantly by year (F = 0, df = 1, p = 0.423), month (F = 0.97, df = 4, p = 0.992) or the
interaction between month and year (F = 0.93, df = 4, p = 0.449). Mean CPUE peaked in
June, and the lowest mean CPUE occurred in September (Fig. 3).
In 2016, more than four times as many juveniles were caught during high tides (n
= 79) compared to low tides (n = 17) in middle and lower bay (Fig. 4). No sharks were
caught in middle bay during low tide (Fig. 4). A two factor ANOVA showed CPUE was
significantly influenced by tide (F = 16.607, df = 1, p <0.001) and interaction between
tide and site (F = 5.44, df = 1, p = 0.02), but not site alone (F =1.436, df = 1, p = 0.23).
Consequently, in 2017, all fishing for sharks was conducted at high tide.
Water depth, salinity, temperature, secchi depth, and dissolved oxygen from all
captures are presented in Table 2. A multiple linear regression model to test abiotic
influences on CPUE performed on a subset of 194 longline sets (containing 112 shark
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captures) with complete abiotic data collection showed that CPUE was not significantly
influenced (F = 0.75, df = 5, p > 0.10) by any tested water parameter (Table 2).
Juvenile C. plumbeus size percentile distributions in 2016 and 2017 were
significantly correlated with size data from 2002 to 2006 and 2016 to 2017 (R2 = 0.98, p
< 0.001; Fig. 5). CPUE percentile distributions of juvenile C. plumbeus in 2016 and 2017
were also significantly correlated between data collected from 2002 to 2006 (R2 = 0.81, p
< 0.001, Fig. 6).
Overall Telemetry Results
Eleven juveniles, including six females and five males, were outfitted with
internal acoustic transmitters (Table 3). Detection data were collected from August 18,
2016 until January 31, 2018 (532 monitoring days). A total of 62,098 detections were
recorded by 110 acoustic receivers (78 coastal, 32 estuarine) located up to 40 km offshore
from New York (40.5°N) to the east coast of central Florida (28.7°N; Fig. 7). A total of
4,342 temperature sensor readings were recorded for two transmitters detected between
Long Island, NY and Brunswick, GA.
Winyah Bay Telemetry Results
Eighty-nine percent of detections (n = 55,213) were recorded by receivers located
in the Winyah Bay system, where juveniles were detected from mid-April to early
November (Fig. 8). No juveniles tagged in 2016 were detected in the Winyah Bay
system between 4 October 2016 and 12 April 2017. No juveniles tagged in 2017 were
not detected in the Winyah Bay system after 11 November 2017 and had not returned as
of the last download date in January 2018 (Table 3).
In the months of April to November, juveniles were detected within the Winyah
Bay system for up to 186 days (72.0 ± 19.7 days, n = 11) and were present for up to 143
consecutive days (52.7 ± 14.0 days, n = 11; Table 3). Juveniles were detected during both
tidal stages in middle bay, lower bay, and the nearshore area. Juveniles were not detected
in upper bay.
Inter-annual return to the Winyah Bay system was documented for three of six
juveniles tagged in 2016 (two females, one male), all of which returned to Winyah Bay
between 12 and 21 April 2017 (Table 3). Two of these individuals remained in the
Winyah Bay system for the remainder of the summer until 10 September 2017. One of
these was detected a total of 143 consecutive days, every day from 21 April 2017 to 10
September 2017 (Transmitter #17706, Fig. 8). The other individual was detected a total
of 147 days, including all but 4 days from 12 April 2017 to 10 September 2017
(Transmitter #17705, Fig. 10). The third individual (Transmitter #15420-1) remained in
Winyah Bay until May 24, but then was later detected in Chesapeake Bay from 11 – 12
June followed by the Delaware Bay on 26 June, then to Long Island area on 9, 19, 31
July, and finally back to Delaware Bay by 3 October 2017.
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A total of 6,654 unique receiver visits were recorded for juveniles, 84 % (n =
5,556) of which were recorded by receivers located in the Winyah Bay system.
Significantly more visits were detected during the day (57 %, n = 3,101) compared to
night (43 %, n = 2,355; X2 = 102, df = 1, p < 0.001). When categorized by tidal stage,
significantly more visits were detected during low tide (62 %, n = 3,460) compared to
high tide (38 %, n = 2,096; X2 = 334.9 df = 1, p < 0.001). Visit frequency significantly
differed between areas (X2 = 3,126, df = 2, p < 0.001, Fig. 9) with receivers in the
nearshore area recording the most visits (63 %, n = 3,498), followed by lower (35 %, n
=1,958), and middle bay receivers (2 %, n = 100; Fig. 9).
Visit durations in the Winyah Bay system ranged from a single detection to 6.6
hours, (18.8 ± 0.4 min, n = 5,556). A generalized linear mixed regression showed visit
duration per individual was significantly affected by diel cycle (F = 8.632, df = 1, p <
0.05) as well as area in the Bay (F = 17.403, df = 3, p < 0.05), but not tidal stage (F =
1.185, df = 1, p > 0.10 The coefficient estimate for a 95% confidence interval of the
difference in visits between night and day was -0.125 (-0.2, -0.04) and showed, on
average, visit durations were 0.6 minutes longer during the day than at night. The
coefficient estimate of the difference in visits between the nearshore area and lower bay
was -0.806 (-1.21, -0.49) and showed, on average, visit durations were 1.7 minutes
shorter in the nearshore area compared to middle bay. The coefficient estimates of the
difference in visits between lower bay compared to middle bay was -0.955 (-1.23, -0.6)
and showed, on average, visits were 2.1 minutes shorter in lower bay compared to middle
bay.
Within lower bay, significantly more visits were recorded on the west side of the
Bay (n = 1,756), than on the east side of the Bay (n = 202; X2 = 1,233.4, df = 1, p <
0.001; Fig. 9).
While in the Winyah Bay system, males (n = 2) with temperature sensors utilized
temperatures of 19 - 29.5 °C (26.5 ± 0.04 °C, n = 3,528), showing these individuals
inhabited a larger range than they were caught by longline surveys, yet almost an
identical mean temperature in which juveniles were caught by longline surveys (Table 2).
Fall to Spring Migration Telemetry Results
A total of 4,596 detections comprising 363 visits represented fall to spring
migration detections and were recorded by receivers in estuarine and coastal waters from
Delaware to Florida (between 28.7 – 38.4 °N, Fig. 10). Six (55 %) juvenile C. plumbeus
emigrated south after leaving Winyah Bay in the fall, traveling up to 515 km (287 ± 63
km, n = 6; Table 4, Fig. 11). Five of these six southward movements commenced in
2016, but only one was documented in 2017 (Fig. 11). Although data collection in winter
2018 was not as extensive as winter 2017, one individual tagged in May 2017
(Transmitter #15868, Table 4) was detected as far south as St Helena, South Carolina,
consistent with temporal movement patterns observed in winter 2017. Additionally,
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Transmitter #17706 was tagged in 2016 and returned to Winyah Bay in April 2017,
migrated south a second time in November 2017 along the same route used in 2016
(Transmitter #17706, Fig. 10).
All of the juveniles that migrated south (n = 6) were detected on the same
receiver arrays within 0 to 80 days of one another, suggesting a common migration route.
Additionally, on their route back to Winyah Bay, the three monitored sharks that returned
to Winyah Bay in April 2017 (Table 2, Fig. 8) were detected on some of the same
receiver arrays on their route south and as one another, suggesting an annually used,
common migration route.
For detections that occurred outside of Winyah Bay, visit durations ranged from a
single detection to 3.7 hours (14.7 ± 1.4 min, n =1,098) and 64 % of visits were
associated with estuarine receivers. Visit duration percentile distributions (Fig. 12) were
significantly correlated between estuarine and coastal habitats (R2 = 0.955, p < 0.001).
From September to April, temperature transmitters in two juvenile male sharks
registered 2,948 detections with temperature recordings. Juveniles were detected in
temperatures ranging from 16.9 – 29.5°C (26.5 ± 0.07 °C, n = 2,948; Table 5).

Discussion
Use of Winyah Bay
Data collected from longline surveys, acoustic transmitters, and tag recaptures
show that in the warm water months from April to November, Winyah Bay provides a
recurring, annually utilized habitat for juvenile C. plumbeus. While smaller juveniles and
YOY C. plumbeus were present, larger juvenile C. plumbeus dominated catches and were
seen to reside within Winyah Bay for up to months at a time, suggesting the potential
importance of this system to juvenile C. plumbeus.
In this study, the predominant size class of C. plumbeus was 81to 95 cm PCL,
approximately 4 to 6 years of age (Sminkey & Musick 1995). This size range and
dominant size group have not differed over the last decade. Additionally, juvenile size
ranges were similarly distributed between data from 2002 to 2006 and 2016 to 2017,
suggesting Winyah Bay provides an ongoing important habitat for older juveniles.
This dominant size group differed from smaller dominant size classes previously
observed in other South Carolina estuaries (Ulrich et al. 2007), Chesapeake Bay (Grubbs
et al. 2007), and the Virginia shoreline (Conrath & Musick 2008). Gear selectivity could
also account for the observed difference in dominant size class. Longlines, one of the
principal means of assessing elasmobranch populations and distributions (e.g.
Simpfendorfer et al. 2002, Simpfendorfer et al. 2005, Abel et al. 2007, Conrath &
Musick 2007, Grubbs & Musick 2007, Grubbs et al. 2007, Brooks et al. 2011, White et
al. 2013, Espinoza et al. 2014, Garcon et al. 2014, Matich & Heithaus 2014), could be
less effective than gillnets at capturing smaller size classes of C. plumbeus (Ulrich et al.
12

2007). Additionally, Ellis and Musick (2007) and Shiffman et al. (2014) demonstrated
that the diets of YOY C. plumbeus were composed mainly of smaller crustaceans and
teleosts and began to expand after one year of age. However, bottom longline surveys
conducted in warm water months in the Chesapeake Bay and off the coast of Virginia,
demonstrated that 12/0 circle hooks and S. scombrus, and Brevoortia tyrannus,
menhaden, were effective at catching newborn and YOY C. plumbeus (Grubbs et al.
2007, Conrath & Musick 2007). Therefore, the combination of both 12/0 and 16/0 hook
sizes and the use of S. scombrus in this study should have targeted all potential size
ranges of juvenile C. plumbeus, and not disproportionately larger juveniles.
In Winyah Bay, female juvenile C. plumbeus outnumbered males 1.5 to 1. Similar
sex ratios have been previously observed with juvenile C. plumbeus in Winyah Bay from
2002 to 2006 (Gary unpublished data). In contrast, Grubbs et al. (2007) and Ulrich et al.
(2007) observed the expected 1:1 ratio (Springer 1960) of juvenile C. plumbeus in the
Chesapeake Bay and nearshore South Carolina. While differing feeding success by sex
has been observed in juvenile Sphyrna lewini, scalloped hammerhead sharks (Klimley
1987), no evidence for differential predation or other sex-related mortality has been
identified within Winyah Bay. This sex ratio could be influenced by differences in
estuarine habitat use between sexes, since juvenile male C. plumbeus use estuarine
habitats for up to their first six years of life whereas females use them until they reach 10
years of age (Grubbs 2010).
Acoustic presence of juvenile C. plumbeus in Winyah Bay from April to
November matched presence based on catch data from 2002 to 2006 (Gary unpublished
data) and matched presence data from other estuaries in South Carolina (Ulrich et al.
2007). Within estuaries, immigration, presence, and abundance of juvenile C. plumbeus
have been shown to be dependent on water temperature (Grubbs & Musick 2007,
McCandless et al. 2007). In Ulrich et al. (2007) and in this study, juvenile C. plumbeus
started to immigrate to estuarine waters along South Carolina in April, when water
temperatures were 19 – 21°C (NOAA NERRS), and emigrated in September, when water
temperatures were approximately 26°C (Ulrich et al. 2007, Gary unpublished data,
NOAA NERRS). Additionally, peak abundance of juvenile C. plumbeus was observed in
June, when water temperature was 25.5°C, which is consistent with peak abundances in
the Chesapeake and Delaware Bays (Conrath and Musick 2007, Grubbs et al. 2007).
Though temperature did not statistically influence CPUE of juvenile C. plumbeus in
Winyah Bay, water temperature is potentially contributing to presence and abundance of
juveniles inhabiting Winyah Bay as it has in the Chesapeake and Delaware Bay (Grubbs
& Musick 2007, McCandless et al. 2007).
Acoustic detection data also revealed the daily use of Winyah Bay by juvenile C.
plumbeus. Detection data showed juvenile C. plumbeus residency was similar to that of
other carcharhinid species, specifically, the recurring seasonal use of an estuary exhibited
by juvenile C. limbatus (Heupel et al. 2004), Sphyrna tiburo, Bonnethead sharks (Heupel
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et al. 2006), and R. terraenovae (Carlson et al. 2008). This daily use highlights the
seasonal utilization of Winyah Bay and subsequent importance to juvenile C. plumbeus.
Recapture rate for juvenile C. plumbeus tagged in Winyah Bay was 1.2 %, which
is less than half that reported for all tagged juvenile C. plumbeus in the Chesapeake Bay
(3.2 %; Grubbs et al. 2007) and a sixth of the rate in the Delaware Bay (6.4 %; Merson &
Pratt 2001). Recapture rates from the Chesapeake Bay and Delaware Bay were each
based on over 900 tagged juvenile C. plumbeus and these incorporated data collected for
3 to 10 years. The recapture rate in Winyah Bay was based on 163 juveniles caught over
two years. This difference in survey effort could account for the difference exhibited in
recapture rates. Other explanations for low recapture rates include tag loss, post-release
mortality, natural mortality, or failure to report or recognize a tag (Kohler & Turner
2001).
Catch rates suggested juvenile C. plumbeus abundance did not change within the
months of May to September or between the two years surveyed. Additionally, the
similarity in percentile distributions of catch rates of juvenile C. plumbeus in Winyah Bay
from May to September 2016 and 2017 suggested no change in catch rates of juvenile C.
plumbeus utilizing Winyah Bay between the survey periods.
Juvenile C. plumbeus were caught in a wide range of salinity, depth, and D.O.
distributions. Utilizing a large range of abiotic parameters is a phenomenon reflected by
juvenile teleosts and elasmobranchs in other estuarine environments, where they have
been shown to utilize even larger ranges of salinity, depth, and D.O. (Merson & Pratt
2001, Conrath & Musick 2007, Grubbs & Musick 2007, McCandless et al. 2007, Ulrich
et al. 2007, Gary unpublished data). Sharks and other bony fish utilize shallow or
brackish water environments for the benefits of increased prey abundance or protection
from predators (Ross 2003, Simpfendorfer et al. 2005, Conrath & Musick 2007,
Papastamatiou et al. 2009, Guttridge et al. 2012). Prey species of juvenile C. plumbeus,
such as Leiostomus xanthurus, spot, and Micropogonias undulatus, Atlantic croaker, may
inhabit shallow, brackish habitats to avoid predation and thus attract juvenile C. plumbeus
into these areas to feed (Ross 2003, Abel et al. 2007). Additionally, the use of shallow
environments may deter larger predators and lessen predation risk for juvenile C.
plumbeus (Rechisky & Wetherbee 2003, Conrath & Musick 2007). On multiple surveys
in this study juvenile C. plumbeus were recovered with fresh bite marks that were
potentially from larger (> 1.5m) C. plumbeus, C. leucas, or N. brevirostris, which have
been known to prey on smaller sharks (Springer 1960, Snelson et al. 1984, Cortes &
Gruber 1990, Conrath & Musick 2007). Therefore, juvenile C. plumbeus in Winyah Bay
may be exploiting shallower and less saline environments to increase predator avoidance
(Simpfendorfer et al. 2005) as they have been observed to do in the Delaware and
Chesapeake Bay (Rechisky & Wetherbee 2003, Conrath & Musick 2007). Both benefits
of avoiding predators and easier access to prey may have thus prompted ….Thus both
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benefits, avoiding predator and accessing prey, may have prompted juvenile C. plumbeus
in this study to inhabit a wide range of abiotic parameters.
Longline catch as well as acoustic detection visit durations were influenced by
tidal stage. Significantly more juvenile C. plumbeus were caught in lower and middle bay
during high tide than low tide. Additionally, more detections were recorded during high
tide than low tide in lower and middle bay. However, inconsistent with detection data, no
juvenile C. plumbeus were caught via longline during low tide in middle bay. This could
be a result of absence or insufficient sampling effort. Although catch data in Winyah Bay
showed juvenile C. plumbeus can tolerate the mean observed salinity at low tide within
lower bay (around 15), juveniles may be feeding on other live prey, such as the
previously mentioned L. xanthurus and M. undulatus utilizing brackish waters (Ross
2003, Abel et al. 2007). Alternatively, in the Chesapeake and Delaware Bays, juvenile C.
plumbeus movements and swimming direction have been observed being influenced by
tidal current and direction (Medved & Marshall 1983, Grubbs 2001 quoted by Rechisky
& Wetherbee 2003, Rechisky & Wetherbee 2003). Utilizing tidal currents by traveling
with the tide may help juveniles conserve swimming energy.
Acoustic detection visit durations were influenced by diel cycle and area
although the difference in duration was minimal (< 1 min) and thus likely not
biologically meaningful. Within Winyah Bay, acoustic visit frequency and duration data
suggest that juvenile C. plumbeus were mainly present around the nearshore area and
lower bay, with occasional visits to middle bay receivers, and no detections recorded on
upper bay receivers. Receiver detection efficiency varied drastically between area and
tidal stage and thus may have affected the detection data. However, data are consistent
with catch results from previous longline efforts in Winyah Bay, in which only one C.
plumbeus was caught in upper bay (Gary unpublished data). The absence of detections of
juvenile C. plumbeus in upper Winyah Bay could be due to salinities below their
minimum tolerance threshold. Although juvenile C. plumbeus have been observed
tolerating low salinities, salinity in middle bay may drop to levels that this species cannot
tolerate. Furthermore, moving frequently between freshwater to seawater and vice versa
have been shown to be more physiologically stressful than remaining in brackish water
conditions for euryhaline species (Heupel & Simpfendorfer 2008). The reduced number
of detection data in the middle bay area is most likely an artifact of receiver location,
limited detection range, and tidal induced variations in detection efficiency, since
receivers were less efficient in middle bay compared to lower bay and juvenile C.
plumbeus were frequently caught in middle bay during high tide.
Visits within lower bay suggest that juvenile C. plumbeus may utilize the west
side of the Bay more than the east. Likewise, longline data suggest juvenile C. plumbeus
may utilize the western side of the Bay more than the east since longline catches have
historically been higher on the western side of the Bay (CCU Shark Lab unpublished
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data)6. The use of the western side of lower bay could also be best explained by a result
of the aforementioned energetic benefits of traveling with the tidal currents since tidal
currents are stronger on the western side of the Bay (Fribance unpublished data).
Additionally, salinity profiles on the eastern sides of the Bay indicate that salinities drop
below levels that are considered tolerable for juvenile C. plumbeus (Fribance unpublished
data). While tidal currents and salinity ranges are known to influence juvenile C.
plumbeus presence and habitat distribution (Merson & Pratt 2001, Rechisky & Wetherbee
2003, Conrath & Musick 2007, Grubbs & Musick 2007, McCandless et al. 2007, Ulrich
et al. 2007), there are also a multitude of other factors known to influence C. plumbeus
distribution, such as prey distribution, predator distribution, bottom type, and bathymetry
that could be contributing to this detection distribution (Merson & Pratt 2001, Rechisky
& Wetherbee 2003, Conrath & Musick 2007, Grubbs & Musick 2007, McCandless et al.
2007, Ulrich et al. 2007). Therefore, while this study reveals that monitored juvenile C.
plumbeus may potentially exhibit a preference for the west side of the Bay, live tracking
and a larger, more comprehensive receiver array within the Bay is needed to better
understand activity, ranges, and inferences made from these detection results.
Winyah Bay as a Nursery
This study provided evidence that Winyah Bay is a habitat for juvenile C.
plumbeus from April through November and has served as one for at least a decade.
Nursery criteria defined by Castro (1993), McCandless et al. (2002), and Conrath and
Musick (2007), suggest middle and lower bay act as a secondary nursery for C. plumbeus
(Abel et al. 2007, Gary unpublished data). Secondary nurseries have been classically
defined as areas numerically dominated or inhabited by newborns and immature
individuals, regardless of birth location, that potentially improve juvenile survivability by
providing prey and varying degrees of protection from predators (Castro 1993,
McCandless et al. 2002, Conrath & Musick 2007). The dominance and recurring
presence of juvenile C. plumbeus in survey catches, as well as the scarcity of adults of
potential predators, fulfill this definition. Additionally, the historical dominance of
juvenile C. plumbeus (Gary unpublished data) imply that Winyah Bay has acted as a
secondary nursery for this species for over a decade. More restrictive criteria for nurseries
have been propounded by Heupel et al. (2007), who defined nurseries as areas where
juveniles <1 yr were (1) more abundant compared to other surrounding areas, (2)
remained for weeks or months at a time, and (3) exhibited recurring annual use of the
area. Data collected in this research does not provide sufficient evidence to evaluate
Winyah Bay as a nursery for YOY C. plumbeus or to suggest that YOY utilize Winyah
Bay in the same capacity as larger juveniles. Therefore, the definition of Winyah Bay as a
nursery area for C. plumbeus is dependent upon the nursery criteria utilized.
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Winyah Bay most likely provides two main benefits to juveniles, access to prey
and some degree of protection from predators, thereby creating a beneficial habitat for
juvenile C. plumbeus. Although some predation is likely to occur in nurseries (Heupel et
al. 2007), utilizing the shallow and less saline areas of the Bay may deter larger and more
sensitive predators. Over the two-year sampling period, only 4% of the entire catch
consisted of adult shark species that are likely to prey on juvenile C. plumbeus (i.e. C.
leucas, N. brevirostris, and C. limbatus; Castro 1996, Rechisky & Wetherbee 2003,
Simpfendorfer et al. 2005, Conrath & Musick 2007). However, this relative catch
abundance may under-represent larger shark species who prefer other bait types such as
small elasmobranchs (Springer 1960, Snelson et al. 1984). Additionally, Winyah Bay
appears to have an abundance of prey for juvenile C. plumbeus (Ellis & Musick 2007,
Schiffman et al. 2014). SCDNR trammel net surveys and Coastal Carolina trawl surveys
show documented prey species of juvenile C. plumbeus, such as Callinectes sapidus,
Blue crab, Hypanus sabina Atlantic stingray, Trinectes maculatus, Hogchoker, M.
undulates, and L. xanthurus, inhabit Winyah Bay (Ellis & Musick 2007, Arnott et al.
2013, Schiffman et al. 2014, D. Abel unpublished data). Therefore, the combination of
protection from predators and prey availability shows the Bay provides the necessary
nursery benefits to classify Winyah Bay as a secondary nursery for C. plumbeus using the
traditional secondary nursery definition put forward by Castro (1993), McCandless et al.
(2002), and Conrath and Musick (2007).
Fall to Spring Migration
Migration data collected from acoustically-tagged juvenile C. plumbeus suggest a
previously unrecognized southerly migratory route for juvenile C. plumbeus inhabiting
Winyah Bay. Six of the eleven acoustically-tagged juvenile C. plumbeus in this study
migrated south in the fall along an undocumented migratory route. Juveniles were
detected in both estuarine and nearshore coastal waters of South Carolina, Georgia, and
the eastern coast of Florida. Of the over 415 juvenile C. plumbeus tagged by the Coastal
Carolina University Shark Project from 2002 to present, 11 C. plumbeus recaptures were
reported, none of which were during winter months or north of South Carolina (Abel et
al. 2007, Gary unpublished data, Dan Abel pers. comm.7). The only recapture north of
Winyah Bay was off Waites Island, South Carolina, approximately 90 km to the north.
Additionally, none of the recaptures occurred during the putative overwintering migration
period, although recreational fishing and scientific surveys are greatly reduced during the
winter months. While fishing effort and a multitude of other factors may affect recapture
potential (Kohler & Turner 2001), the recapture data taken in conjunction with telemetry
migration data, suggest juvenile C. plumbeus migrate south during winter months and
utilize a range of estuaries and coastal waters ranging from SC to FL.

7

Dan Abel, Coastal Carolina University, dabel@coastal.edu, April 4th, 2018.
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The southern migration route observed in this study differed from the documented
overwintering area off Cape Hatteras, NC utilized by juvenile C. plumbeus inhabiting the
Chesapeake Bay, Delaware Bay, and along the eastern Virginia shoreline (Grubbs et al.
2007, McCandless et al. 2007, Conrath & Musick 2008, Bangley 2016). The contrast in
migration routes suggest that, within the northwest Atlantic, juvenile C. plumbeus may
exhibit slightly different winter migratory routes depending on their summer habitats. A
combination of water temperatures, travel distance, and estuarine habitat presence
potentially influence this observed difference in overwintering migration routes of
juvenile C. plumbeus. Travel distance may also be motivating juvenile C. plumbeus to
migrate south from Winyah Bay during winter months. Acoustically-tagged juvenile C.
plumbeus migrated a mean distance of 287 km, with a mode of 315 km, shorter distances
than the approximate 350 km distance to Cape Hatteras. Juvenile C. plumbeus migrating
south from Winyah Bay may not need to travel as far to reach suitable overwintering
habitats as they would if they traveled north.
Water temperature may also be a driver for the differing migration routes. Water
temperature has been shown to significantly influence the migratory movements of
juvenile C. plumbeus inhabiting the Chesapeake Bay (Grubbs et al. 2007, McCandless et
al. 2007) and is known to prompt shark migrations (Kajiura & Tellman 2016). The
documented effect temperature has on juvenile C. plumbeus could explain the difference
in migratory routes between juvenile C. plumbeus inhabiting Winyah Bay and juveniles
inhabiting northern estuaries (Grubbs et al. 2007, McCandless et al. 2007, Conrath &
Musick 2008, Bangley 2016). In this study, the two juveniles outfitted with temperature
transmitters were detected in temperatures as low as 16.9°C but averaged 26.5°C.
Juveniles overwintering off the Cape Hatteras area were detected in waters averaging
15.9°C (Bangley 2016). Pop-off archival tags showed juvenile C. plumbeus
overwintering off Cape Hatteras were in water temperatures as low as 10°C and mainly
utilized temperatures of 18 - 22°C (Conrath & Musick 2008). NOAA and NERRS water
quality stations stationed in each detection area of migrating juvenile C. plumbeus show
water temperature did not drop below 12°C from September 2016 to April 2017.
Therefore, juvenile C. plumbeus migrating south from Winyah Bay may select for
slightly warmer, winter water temperatures than juveniles migrating to the Cape Hatteras
area.
Along with temperature and distance differences, the availability of estuarine
habitats may influence juvenile C. plumbeus inhabiting Winyah Bay to migrate south to
overwinter. Juvenile C. plumbeus inhabiting Winyah Bay were detected utilizing multiple
estuarine habitats along their overwintering migration routes. Estuaries are hypothesized
to provide juvenile C. plumbeus potential refuge from predators as well as available prey
(Rechisky & Wetherbee 2003, Conrath & Musick 2007, Ellis and Musick 2007, Shiffman
et al. 2014) suggesting juvenile C. plumbeus may benefit from utilizing estuaries along
their migration routes. Compared to the large estuaries between Winyah Bay and Cape
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Canaveral, Florida, there are few estuarine habitats between the Cape Hatteras area and
Winyah Bay. Additionally, gillnet sampling showed C. plumbeus only comprised 0.11%
of the total shark catch caught in coastal waters north of South Carolina to Cape Fear,
NC, during May to September (Thorpe et al. 2003), suggesting this area is not a
frequently used habitat for C. plumbeus. Therefore, the presence of estuaries between
South Carolina and Florida as well as the associated benefits estuarine habitats provide
may prompt juvenile C. plumbeus inhabiting Winyah Bay to migrate south to overwinter.
These data suggest that juvenile C. plumbeus migrating from Winyah Bay exhibit
different routes than juveniles inhabiting northern estuaries and these differences may be
driven by temperature, travel distances, or availability of estuarine habitat. However, five
recaptures from juvenile C. plumbeus tagged in Delaware Bay shows juveniles inhabiting
northern estuaries may expand this overwintering region as far as Florida as they get
larger (McCandless et al. 2007). While these data suggest juveniles inhabiting estuaries
north of South Carolina exhibit different overwintering migratory patterns, this
suggestion is based on only 6 juveniles. It is possible that juvenile C. plumbeus venture
further south as they get larger, expanding their overwintering regions to areas south of
Cape Hatteras (McCandless et al. 2007). In order to sufficiently identify and describe a
difference in migration routes more transmitter and receiver deployments are needed.
Conclusions
This study concludes that Winyah Bay acts as an annually utilized, important
habitat for juvenile C. plumbeus and can be classified as a secondary nursery, dependent
on the nursery criteria used. This classification and residency have been particularly
difficult to substantiate given low recapture rates. Nursery areas provide critical habitat
for juveniles to mature and contribute to population growth, which is particularly
important for C. plumbeus, a species recovering from overfishing (SEDAR 2011). These
results show that juvenile C. plumbeus reside within Winyah Bay from spring until early
fall and exhibit seasonal migrations from the Bay.
This study is also the first study to characterize an undocumented potential
southerly winter migration route of juvenile C. plumbeus inhabiting Winyah Bay.
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Tables
Table 1. Recapture data of juvenile C. plumbeus tagged and released in Winyah Bay, SC
by the Coastal Carolina University Shark Project as part of the NOAA Cooperative Shark
Tagging Program from 2003 - 2016. Approximate age range was estimated from
umbilical scars (if present), PCL measurements, and the growth rate from Sminkey &
Musick (1995). “YOY” = young of year.
Tagging
Recapture
Days at
Date
Date
Location
Liberty
8/3/03
6/17/06
Charleston Harbor, SC 1049
5/8/04
9/22/04
Waties Beach, SC
137
7/3/04
6/28/07
Winyah Bay, SC
1090
10/30/04
8/6/09
Jacksonville, FL
1741
6/6/06
7/14/09
Winyah Bay, SC
1134
9/22/06
NA
Awendaw Shore, SC
NA
10/20/06^
11/11/15
Winyah Bay, SC
3309
6/28/11
8/27/13
Winyah Bay, SC
791
8/5/15
9/27/15
Winyah Bay, SC
53
7/6/16*
7/25/16
Winyah Bay, SC
19
8/2/16*
8/4/16
Winyah Bay, SC
2
^ Individual most likely matured in the interim between tagging and recapture.
* Individuals tagged during this study.
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Table 2. (A) Water parameters for all longlines and longlines with C. plumbeus catches.
(B) Results from a multiple linear regression model analyzing potential influence of abiotic
parameters on CPUE.
A.
Longlines with C.
All Longlines
plumbeus
Water Parameter
Mean ± SE Range
Mean ± SE
Range
Bottom Water Salinity
26.7 ± 0.4
6 - 37.9
28.2 ± 0.6
13 - 37.7
Bottom Water Temperature (°C)
27 ± 0.1
22.2 - 30.6 26.7 ± 0.2
22.2 - 30
Bottom Water Dissolved Oxygen (mg/L) 4.9 ± 0.01
3.4 - 6.5
5.0 ± 0.1
3.4 - 6.3
Water Depth (m)
6.2 ± 0.1
1.4 - 13.7 6.5 ± 0.2
3.1 - 13.7
Secchi Depth (cm)
67.3 ± 1.4
25 - 170
68 ± 2.1
30 - 150
B.
Variable
Bottom Temperature (℃)
Depth (m)
Bottom Salinity
Bottom D.O. (mg/l)
Secchi Depth (cm)

Coefficient SE
t
p-value
0.004
0.017 0.21
0.831
0.011
0.018 0.63
0.533
0.008
0.006 1.44
0.152
-0.027
0.064 -0.4
0.676
-0.001
0.002 -0.4
0.711
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Table 3. Overview of detections of acoustically-tagged juvenile C. plumbeus, presented
in chronological tagging order. Visits are comprised of detections less than 20 minutes
apart, specific to individual and receiver. *denotes a temperature sensor transmitter.
2016
Date
Transmitter Tagged
17706
8/18/16
17704
8/18/16
17705
8/18/16
15242-3*
8/22/16
15240-1*
9/4/16
17703
9/6/16
15867
5/11/17
15868
5/11/17
15869
5/16/17
15870
5/16/17
15866
5/17/17

PCL
Sex (cm)
F
87
F
89
F
100
M
91
M
98
M
100
M
100
F
120
F
96
F
122
M
94

First
Detection
8/18/16
8/19/16
8/21/16
8/22/16
9/4/16
9/6/16
-

Last
Detection
10/4/16
9/14/16
9/15/16
10/4/16
9/15/16
9/22/16
-

2017
First
Detection
4/21/17
4/12/17
4/14/17
5/11/17
5/11/17
5/16/17
5/16/17
5/17/17

Last
Detection
9/10/17
9/10/17
5/24/17
5/25/17
6/7/17
9/27/17
5/16/17
11/11/17

Total
Days
Detected
186
27
174
43
48
12
15
28
123
1
136

2016 & 2017
Total
Consecutive
Days Detected
143
27
122
42
18
10
15
28
81
1
93
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Total
Visits
1,163
154
1,024
643
477
74
84
238
772
2
925

Table 4. Summary of southernmost and northernmost detections for acoustically tagged
juvenile C. plumbeus and approximate distances (km). Measurements started from
Winyah Bay. Approximate minimum cumulative distances include migrations to and
from Winyah Bay measured by the closest distances between receiver points not
covering land. All individuals were detected in Winyah Bay and dashes represent
juvenile were not detected in areas north or south of the Bay.
Minimum Cumulative
Furthest Detections South &
Furthest Detections North
Distance Traveled
Transmitter
Distance (km)
& Distance (km)
(km)
17706
Brunswick, GA (317 km)
634
17704
Cape Canaveral, FL (515 km)
515
17705
St Mary’s, GA (350 km ) Grand Strand, SC (58.8 km)
758.8
15242-3
Brunswick, GA (317 km)
0
15240-1
Brunswick, GA (317 km) Long Island, NY (1,007 km)
1,641
17703
0
15867
Grand Strand, SC (58.8 km)
58.8
15868
St Helena, SC (143.4 km)
143.4
15869*
Charleston, SC (82.6 km)
82.6
15870
0
15866
0
*migration to Charleston was during summer months and not the fall.
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Table 5. Temperature recordings from September to April from temperature transmitters
in two juvenile male C. plumbeus.
Month
Mean Temperature ± SE (°C)
September
27.5 ± 0.01
October
25.4 ± 0.01
November
20.6 ± 0.1
December
18.4 ± 0.02
February
16.9 ± 0.01
March
17.6 ± 0.00
April
18.9 ± 0.2
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Figures

Figure 1. Map of Winyah Bay showing delineation into three sections (lower,
middle and upper), roughly based on geography and salinity gradients (Abel et
al. 2007). The grey line running through the center of the Bay represents the shipping
channel, which was routinely dredged until 2008. SCDNR’s acoustic receivers are
denoted by black circles with corresponding receiver names. Inset shows location of
Winyah Bay along South Carolina’s coastline.
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Figure 2. Precaudal length-frequency distribution (n = 163) of juvenile C. plumbeus.
Number of individuals and corresponding percentage are listed in each column.
Arrow represents PCL at which both male and female C. plumbeus are considered
sexually mature (Sminkey & Musick 1995).
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Figure 3. Monthly mean CPUE ± SE of juvenile C. plumbeus and mean bottom water
temperature (℃) during high tide for both lower and middle Winyah Bay for 2016 and
2017 combined.
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Figure 4. Mean CPUE ± SE of juvenile C. plumbeus by area and tide in Winyah Bay for
2016. No sharks were caught during low tide in middle bay.
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Figure 5. Percentile distributions of precaudal length (cm) for all juvenile C. plumbeus
caught from 2002 – 2006 and 2016 & 2017, (R2 = 0.98, p < 0.001).
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Figure 6. Percentile distributions of catch rates (CPUE) for all juvenile C. plumbeus
caught from May to September 2002 – 2006 and 2016 & 2017 (R2 = 0.81, p < 0.001).
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Figure 7. Receivers that detected juvenile C. plumbeus tagged in this study. Star marks study
site and deployment area.
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Figure 8. Presence of acoustically-tagged individual juvenile C. plumbeus from this
study in the Winyah Bay system based on detections. X denotes transmitter deployment
date. Series color denotes tagging year (black = 2016, gray = 2017).
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Figure 9. Spatial distribution and relative quantity (symbol size) of visits recorded by
acoustic receivers located within Winyah Bay and the nearshore area.
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Figure 10. Daily mean detection latitude for acoustically-tagged juvenile C. plumbeus
between August 2016 and December 2017. The X on the y-axis denotes latitude of all
transmitter deployments.
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Figure 11. Late fall to spring migration tracks of six acoustically-tagged juvenile C.
plumbeus from this study that exhibited southern migrations from Winyah Bay (star).
Color corresponds to individual transmitter: red = 17704, teal = 17705, black = 17706,
blue = 15240-1, white = 15242-3, yellow = 15868.
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Figure 12. Percentile distributions of visit code duration for acoustically-tagged juvenile
C. plumbeus detected away from the Winyah Bay system with respect to habitat type (R2
= 0.955, p < 0.001).
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Appendix
Range Testing
Transmitter ranges were defined as the maximum distance a transmitter can be
detected (Kessel et al. 2013). Initial range and episodic short-term range testing with
stationary transmitters was conducted to provide some indication of detection range
capability following the procedures outlined by Welsh et al. (2012); however, such data
collection was not considered a proxy for continuous monitoring of reception capability
championed by Kessel et al. (2014). Short-term range testing was conducted with a
specially-programmed transmitter that emitted signals every 25-seconds during the first
24 hours following activation, after which the transmitter reverted to 40 to 80 s interval
for use with C. plumbeus.
The range testing tag was placed in the water for a 13-minute soak time at 100 m
increments up to 400 m from the receiver to allow for 31 signal transmissions (Welsh et
al. 2012). Additionally, two opportunistic range testing surveys at 500 and 600 m
distances were conducted during high tide in lower and middle bay.
The tag was attached to the bottom of either a weighted rigid pole or the bottom of a
weighted line, to simulate the benthic behavior of C. plumbeus. Water depth, surface
turbidity, salinity, temperature, and D.O. were recorded for each range testing increment
to determine the relative influence of these parameters vs. distance between the
transmitter and receiver signal reception capability.
This range testing procedure was repeated on both high and low tidal stages for
receivers located on the west side of the Bay in the lower and middle bay to evaluate
detection range variability among the key data collection locations that have been related
back to the longline survey. Range testing was conducted on two different days for each
testing scenario, except for low tide in middle bay, which was only based off one day of
testing. Range testing was not conducted for receivers in the nearshore area due to the
lack of an offshore vessel and the distance of the nearshore receivers.
Range Testing Analysis
Similar to Welsh et al. (2012), the detection frequency at each increment of the
100m was calculated by dividing the number of transmissions detected by the number of
transmissions expected in the given deployment period. Expected number of
transmissions was calculated by dividing the number of seconds the tag was soaked for
by the transmission rate (25 seconds). Results from the two test days were combined by
tide and area, and the mean was calculated to obtain general range patterns. Low tide in
middle bay results were only based off of one day of testing.
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Range Testing Results
Range testing was conducted over seven nonconsecutive days for receivers in
middle and lower bay. Range testing produced a maximum detection distance of 400 m.
All scenarios tested should have theoretically resulted in 100 % detection efficiency. For
both tidal stages combined, overall detection efficiencies were higher in lower bay (74 %
efficient) compared to middle bay (57 % efficient). For both areas combined, detection
efficiencies were higher during low tides (75 %) than high tides (56%). Overall means of
the efficiencies for each tested scenario showed higher efficiencies during low tide in
middle bay (Fig. 1).
For all scenarios, except low tide in middle bay, detections exhibited a decrease in
efficiency with an increase in distance (Fig. 2). Range testing at 400 m during low tide in
middle bay was the only scenario with 100% detection efficiency (Fig. 2). Opportunistic
range testing for distances of 500 and 600 m (during high tide in middle and lower bay)
resulted in 0 - 5 % detection efficiency.
Range Testing Discussion
In Winyah Bay, range testing demonstrated that distance from the receiver, tidal
stage, location of the receiver, and other factors affected transmission efficiency. Range
testing in all scenarios except for low tide in middle bay, exhibited the well-studied and
known negative relationship between distance from the receiver and efficiency (Mathies
et al. 2014).
Location of the receivers and changes in tidal stage contributed to the severity and
ranges of salinity and turbidity receivers were exposed too (Pincock et al. 2010, Kessel et
al. 2013). Consistently higher efficiencies were recorded in middle bay during low tide
compared to high tide. Detection efficiency is inversely proportional to salinity (Pincock
et al. 2010), which differs drastically between tidal stages in middle bay. Lower salinities
in middle bay during low tide compared to high tide may have increased detection
efficiency.
Regardless of tidal stage, data showed higher overall detection efficiency in lower
bay compared to middle bay. Middle bay, on average, has more turbid and fresher waters
(George Boneillo unpublished data) compared to lower bay. While the decrease in
salinity should theoretically result in higher detection efficiencies (Pincock et al. 2010),
the increased turbidity in middle bay may have caused the overall lower detection
efficiencies. It is also important to note the receiver used for range testing in middle bay
is located on the intersection of the Intracoastal Waterway and Winyah Bay, an area with
amplified turbidity.
Additionally, range testing showed neither receiver had the same detection
efficiencies or efficiency patterns as each other and throughout during different tidal
stages. The apparent differential salinity gradients and turbidity changes in the respective
bay areas combined with the known influence salinity and turbidity have on detection
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efficiencies suggest tidal stage and location will impact detection efficiencies in Winyah
Bay. Therefore, results do not warrant the assumption that each receiver has the same
coverage or is influenced to the same degree by tidal stage and location.
Conclusions
Range testing results highlighted the limited detection areas for individuals in the
Bay, as well as the inconclusive results on overall detection efficiencies in relation to
potential abiotic differences and location. Due to the influence abiotic factors have on
detection efficiency (Pincock et al. 2010, Kessel et al. 2013, Mathies et al. 2014,
Huveneers et al. 2016) and the inconsistent range testing results, is it not possible to
exclude the effects of abiotic conditions on detection results. Therefore, in order to
refrain from false assumptions and interpreting abiotic data influences as shark behavior,
we cannot assume these detections are exclusively a function of shark behavior. In order
to gain more understanding and knowledge on the varying factors influencing receiver
performance specifically in Winyah Bay, extremely extensive range testing with
permanently stationed range transmitters should be conducted for each receiver in most,
if not all, abiotic scenarios.
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Figure 1. Overall range testing results for all four 100-meter increments for both low
and high tide in middle and lower bay.

Mean Efficiency Percent

100%
80%
60%
40%
20%
0%
100

200

300

400

Distance from Receiver (m)
Middle Bay High Tide

Middle Bay Low Tide

Lower Bay High Tide

Lower Bay Low Tide

Figure 2. Range testing results for both low and high tide in middle and lower bay.
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Mature C. plumbeus Late Fall & Winter Presence
Two temperature acoustic transmitters were deployed in mature male C. plumbeus
in fall 2016. One transmitter (#12536-7) was deployed on the 17 November 2016, and
another (#15238-9) was deployed on the 17 October 2016. These two males were
detected on 22 receivers ranging from Long Island, NY to Charleston Harbor, SC.
Males were detected utilizing the Winyah Bay system in October, November,
December, January, February, and March. Transmitter #12536-7 was detected on 17 and
18 November 2016 and 11 November 2017 on receivers in the nearshore area.
Transmitter #12538-9 was detected on receivers in lower bay and the nearshore area on
for a total of 35 days from October to December in 2016, and January to February 2017,
and for 51 days from October to December in 2017. Individuals were detected in waters
ranging from 12.1 to 26.7 °C (mean ± SE = 18.6 ± 0.01°C).
Previously, data from episodic winter sampling which showed C. plumbeus were
not caught from December through March, suggesting they did not inhabit the Bay during
that time (Gary 2009, Dan Abel unpublished data, Caroline Collatos unpublished data).
These telemetry data suggested mature C. plumbeus may utilize the Bay and the
nearshore area during the cold-water seasons and were in waters ranging from 12.1 to
26.7 °C. Additionally, recapture data for the only individual over 11 years old, who most
likely matured in the interim of 9 years between tagging and recapture, shows this
individual returned to Winyah Bay during November, similar to the telemetry detections
of the two mature acoustically-tagged males.
These data are the first to record evidence of mature C. plumbeus utilizing
Winyah Bay over the winter months, and therefore suggest that Winyah Bay may be
episodically utilized habitat for mature male C. plumbeus during winter.
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